• During the last nine years several techniques have been developed to record the heart sounds in the blood vessels and in the chambers of the heart. 1 ' 2 -3 These techniques have proved of value as diagnostic procedures in selected cases of suspected cardiac disease and have increased our knowledge of the acoustic phenomena of the heart. But as yet no agreement has been reached on the explanation of the observed phenomena nor on the exact cause of even the first heart sound. 4 One of the most puzzling features arising from the use of phonocatheters is the apparent conduction of murmurs downstream only.
Since many investigators base their conclusions on the time relations between the acoustic and hemodynamic cardiac events, it would be of value to know how sound is transmitted through the cardiovascular system. The various conceivable modes of conduction of sound have widely different velocities.
Three different modes in which sound* could be transmitted through blood vessels are well enough established to merit consideration.
CONGRESSIONAL WAVES
Compressional waves are the fastest mode of conduction. The velocity of compressional sound waves in blood is about 1500 meters per second (data 5 could only be found for sound of high frequency, 800 kc to 2400 kc), about the same as the velocity of sound in water.
PULSE WAVES
The velocities with which various sounds were conducted along peripheral arteries have been measured with external microphones by Luisada, 6 Kerr and Harp, 7 and Lange, Carlisle, and Hecht. 8 This velocity was of the same order as the velocity of the pulse wave, i.e. about three to eight meters per second. Magri 9 has suggested that this mode of conduction would explain some of his observations made with microphones applied to the exposed human heart.
VORTICES
It is conceivable that the source of sound, rather than the sound itself, travels down the vessel. In such a case the vortices responsible for the production of a murmur would travel downstream with the velocity of the blood flow, i.e. about one half to one meter per second.
These three modes of conduction can be recognized by their velocities. The resolving power of the apparatus used previously in our laboratory to measure the conduction of heart sounds over the surface of the chest was sufficient to determine the order of magnitude of the velocity of the heart sounds through the arteries.
Methods

Apparatus
The apparatus previously described 10 was used with some minor modifications. The electrical signals from the microphones and the phonoeatheters were amplified about 1000 times by Tektronix preamplifiers (#122) and then filtered by Krohn-Hite variable band pass filters (#310 AB). The separate high cut-off and low cut-off sections of these filters removed unwanted frequencies with an effectiveness which increased with the difference between the unwanted frequency and the "central frequency." The cut-off was 24 db at one octave difference and increased to 60 db at three octaves difference.
The signals emerging from the filters were displayed on the screen of a dual beam Tektronix #555 oscilloscope and photographed on 35 millimeter film. Figure 1 shows such a recording. On this occasion the heart sound arrived almost simultaneously at the two phonocatheters which were connected to beam A and beam B, but slightly earlier at the phonoeatheter connected to beam A, by about 0.5 milliseconds. The bright portion in the slower tracings I and II showed which part of the phonocardiogram was displayed on the faster beams A to D: in this case the second heart sound. A and B displayed the 100 cycles per second component of the second heart sound recorded by the two phonocatheters, while C and D displayed the 200 cycles per second component of the same heart sound recorded by the same phonocatheters. It was found that the 100 C3 r cles per second component was generally more suitable than any other frequency for the purpose of measuring delays, as it was comparatively free of extraneous noise. The recordings for 200 cycles per second, e.g. those on C and D, had to be discarded because the noise levels were too high.
About ten recordings were made from each experiment so that a mean delay and a standard error of the mean (SEM) could be calculated. The sweepspeeds were calibrated and proved accurate in timing to ± 3%.
Calibrations
The delays in the electronic part of the apparatus were negligible once the filters had been adjusted, but earlier experience with microphones had revealed that seemingly identical acoustic transducers often do not transmit the signals with identical delays. The transducers were therefore calibrated.
The microphones (Armaco MCT-A crystal throat microphones) which were calibrated by a method previously reported 10 transmitted transients with delays that differed by less that 130 The phonoeatheter. Sounds at the tip of the catheter were recorded by the microphone on lop of the vertical syringe after a delay of 15 milliseconds.
microseconds. Most of these microphones performed much better than this.
The phonocatheters were calibrated in a small beaker filled with water in which the tips were submerged. The transients produced by a tap on the beaker were recorded. The difference in time of arrival of the disturbance could not have exceeded a few microseconds as the speed of sound in water is 1500 meters per second, but it was found that the commerical AEL#191 phonocatheters transmitted these signals with relative delays which varied unpredictably between 0.1 and 15 milliseconds. Pass bands from 20 to 200 cycles per second were tried, but without success.
Therefore a new type of phonoeatheter was constructed ( fig. 2 ). Its design was based on the technique developed by Luisada and Liu. 3 A thin polyethylene tube of 70 em length was connected to a three-way tap. One end of the tap was connected to a syringe filled with heparinized saline in order to flush the polyethylene catheter. The barrel of another syringe of 20 ml, with a small Armaco MCT crystal throat microphone glued on top of it, was plaeed on the other end of the tap. The heart sounds at the tip of the catheter travelled along the catheter, and were recorded by the microphone. The delay in transmission along the catheter was about 15 milliseconds (measured with a microphone of the same type glued directly onto the beaker), but this was of no consequence as it was the same for all of these phonocatheters. They were found to transmit signals with delays which seldom differed by more than 0.5 milliseconds. These phonocatheters were accurate, inexpensive, and not fragile, hut they were not very convenient as they had to be filled with boiled saline to prevent the development of air bubbles and as they could not be sterilized by heat. They were only about half as sensitive as the commercial phonocatheters.
Animafs
Experiments were done on mongrel dogs of unknown age and predominantly of female sex. Intravenous pentobarbital (N"embutal, Abbott) 24 nig/kg was used in all cases. In order to create a murmur in the abdominal aorta of some of the dogs a stenosis was made just below the renal arteries with the technique developed by Roach. 11 A strip of nylon taffeta was wrapped twice around the aorta and the ends were sewn together. A reduction of 35% to 70% iu diameter of the vessel is necessary to produce a palpable bruit and a murmur downstream from the stenosis. 11 All expei'iments were done in a soundproof room. The phonocatheters of the type we used were sensitive to external noise because the microphones were outside the animal.
Results
DETERMINATION OF THE VELOCITY WITH WHICH THE SECOND HEART SOUND IS TRANSMITTED THROUGH THE AORTA
Two phonocatheters were inserted into the aorta through a carotid and a femoral artery. They were pushed up towards the heart into the ascending aorta until there was a clear recording of the second heart sound and none of the first heart sound ( fig. 1 , beam I). This is good evidence that the tips of the phonocatheters ]&y in the ascending aorta. 12 The phonocatheter inserted through the femoral artery was withdrawn about an inch at a time from the vicinity of the aortic valve and the difference in time of arrival of the heart sound at the two phonocatheter tips was measured in each position. The increase in this difference iu time of arrival with every centimeter that the phonocatheter was drawn back was a measure of the velocity of conduction. Dow and Hamilton 13 used this method successfully in their determination of the pulse wave velocity.
The one phonocatheter was eventually drawn as far back as the second heart sound could be recorded. This was four centimeters in dog A, twenty centimeters in dog B, and eleven and eighteen centimeters in two experiments on dog C. Therefore, all determinations have been made in the thoracic aorta.
The results are tabulated in table 1, and the apparent velocities are shown in the last columns. It must be said that the true velocity is unlikely to be the arithmetic mean of these velocities. If, for instance, the true velocity were 10 meters per second, the increment in delay in arrival would be 1 millisecond for every 10 millimeters the phonocatheter is drawn back. But there is some uncertainty about this distance, because the movement of the tip could not be directly controlled. When the phonocatheter was withdrawn in steps of 20 millimeters at the femoral artery, the tip may have moved a bit more or less than this; for example, if the tip was moved 30 millimeters the first time, and only 10 millimeters the second time, the apparent velocities would be 20/3 = 6.7 meters per second and 20/1 = 20 meters per second respectively. The average of these two values is 13.3 meters per second, which is too high.
The harmonic mean is more likely to be the true mean as the random errors are mainly in the increments in delay (which are the denominators in the fractions from which the velocities were calculated). In the example given the harmonic mean is 2/(1/6.7 + 1/20) = 10. As was to be expected, the distribution of the reciprocals of the velocities in table 1 is nearly normal. The harmonic mean of the velocities is 5.7 meters per second, with 95% confidence limits of 4.1 and 9.0 meters per second. The few very high velocities shown in table 1 do not have as much influence on a harmonic mean as they have on the arithmetic mean.
The values obtained on dog B have been The difference in time (milliseconds) with which the second heart sound arrived at the two^ phonocatheters plotted against the distance one of the phonocatheters was drawn back (centimeters).
clamp
FIGURE 4
Diagram of the phonocatheters in the aorta.
plotted in figure 3 . The initial values were close to zero. This was most likely caused by the catheter curling in the ascending aorta above the aortic valve. Such curling of cardiac catheters can often be seen during cardiac catheterizatioii under fluoroscopy. These first three delays were excluded when table 1 was compiled.
Prom the values recorded in table 1 it seems very likely that the sound is conducted through the arterial system with approximately the same velocity as the pulse wave. This raises the question whether it travels in the same way, that is, as a transverse vibration on the arterial wall.
THE EFFECT OF A CLAMP O N THE ARTERIAL WALL O N THE TRANS-MISSION OF SOUND
If the transmission of sounds is mainly in the form of a transverse vibration in the arterial wall, a quantitative estimate of the proportion of the energy of the sound transmitted through the wall can be made by impeding the transverse movements of the wall. In five dogs the aorta was exposed and a stenosis was made just below the renal arteries. Two commercial phonocatheters (AEL #19]) were inserted through a common iliac artery until one was felt about two centimeters below the stenosis and the other about six centimeters below the stenosis ( fig. 4 ). The intensities of the murmur at the localization of the tips of the phonocatheters were calculated from the amplitudes recorded on the oscilloscope.
It was found that if the transverse motion of the wall was impeded at a level between the tips of the two phonoeatheters (level of clamp in fig. 4 ) that the murmur was attenuated at the location of the phonocatheter distal from the clamp, but not at the location of the phonoeatheter proximal of the clamp. This attenuation caused by clamping of the arterial wall was called the 'clamp effect' and was expressed in decibels (table 2). Variations in blood flow from heart beat to heart beat could of course influence the loudness of the murmur, but not the ratio of the proximal to the distal amplitudes, nor the increase in this ratio caused by the clamp.
Initially the clamp was made of a small string of solder wound around the aorta. These cases have been marked " S " in table 2. Later it was found that it was more effective to clamp the aorta manually. The clamp made with the fingers was not as sharply edged as a solder band and was less likely to interfere with the blood flow, or to create a new stenosis with a second, more distal, murmur. When the force with which the fingers were applied was increased the murmur recorded by the distal phonocatheter gradually disappeared. If too much pressure was used the blood flow through the stenosis was decreased and the murmur at the proximal phonocatheter disappeared also. We tried to obtain a maximal decrease in intensity at the distal phonocatheter without decreasing the intensity of the The probability that any of these attenuations were produced by random errors is shown in the column of P values in table 2. In one case a decrease in attenuation caused by the clamp was observed. There was no apparent explanation for this, and it did not occur again when the experiment was repeated. The probability that a clamp produces a damping of the transmission of murmurs in dogs was calculated from the mean values for each dog (last column of table 2). The average damping in dogs was 7.0 db (P <0.01), or 80%, and there was 95% confidence that the average effect was at least 4.1 db, or 61%.
Since the effect of the alamp was an increase in attenuation, it was not necessary to verify that the frequency responses of the phonocatheters, and the amplification by the amplifiers, were identical for the two channels; the 'clamp effect' was calculated by dividing the square of the ratio of the proximal over the distal amplitude before clamping, by the square of the same ratio during clamping.
In order to measure the normal attenuation of a murmur along the aorta when the motion of the wall is not interfered with, two experiments were done in which the amplifications Circulation Research, Volume XII, March 1963 of the two channels were equal. Moreover the position of the phonocatheters was reversed in the second experiment so that the frequency responses of the phonoeatheters could not influence the results if the averages of the two experiments were considered. The results are shown in table 3. It can be seen that the naturally occurring attenuation increased with frequency with about 2.7 decibels per octave for every four centimeters of aorta. This increase was significant at the 5% level.
The ' clamp effect' may be an underestimate of the fraction of the sound energy which travelled as a transverse vibration in the arterial wall, since the clamping may not have been completely effective in preventing this motion. For this reason the clamp effect produced manually, which was greater than the clamp effect of bands of solder, must be used to estimate how much of the energy travelled in the form of a transverse vibration. The average clamp effect was 10.8 db, 9.8 db, 8.8 db, and 4.6 db, at 50, 100, 200, and 400 cycles per second respectively. This means that at least 91%, 89%, 86%, and 65% of the energy of the 50, 100, 200, and 400 cycles per second components respectively, travelled in the form of a transverse vibration. The correlation coefficient of the decrease in clamp effect with increasing frequency is 0.59; the probability that this correlation was caused by random errors is less than 0.05.
It can be concluded that most of the energy contained in cardiovascular sounds travels through the aorta in the form of a transverse vibration of the arterial wall.
THE EFFECT OF FREQUENCY OF THE VELOCITY OF TRANSMISSION
Since it was found that the sound recorded by intravascular phonoeatheters is mainly conducted in the vessel wall, the influence of frequency on the transmission velocity could be studied more conveniently with external microphones applied to the skin overlying the carotid artery. The difference in time was measured with which the various frequency components of the second heart sound arrived at the conventional aortic area on the precordium and at the right carotid artery in five human subjects.
The pass bands were chosen at half octave intervals, from 25, 35, 50, 70, up to 100 cycles per second, provided these frequencies were present in the second heart sound recorded from both areas. It was not necessary to calculate the velocities, as the per cent increase in velocity is equal to the per cent decrease in transmission time. The mean increase in velocity per half octave increase in frequency was 2.7% with a standard error of 2.5% in 13 measurements. There is a probability of 30% that this increase was caused entirely by random errors, and there is 95% confidence that the increase is less than 10% per half octave.
A small increase in velocity with frequency may have been obscured by the increase in transmission velocity between the aortic valve and the aortic area on the surface of the chest. The transmission velocity of heart sounds over the surface of the body was found to increase with frequency (unpublished observations made in our laboratory), von Gicrke 14 predicted from theory, and observed for low frequency sound, that the velocity increased with the square root of the frequency. Considering the magnitude of the distance between the aortic valve and the aortic area and the velocity of sound over the body surface (about 15 meters per second at 100 cycles per second) this effect is likely to have been smaller than the standard error of 2.5%.
Discussion
PROPAGATION VELOCITY
Dow and Hamilton 18 measured the pulse wave velocity close to the aortic valve, and found this varied between four and seven meters per second in seven dogs. These velocities cannot be directly compared to our results as the various frequency components of the pulse wave travel with different velocities. Bergel 15 studied the visco-elastic properties of the wall of the isolated thoracic aortas of dogs at frequencies from two to eighteen cycles per second. He calculated from his findings that the pulse wave velocity would be 5.3 meters per second for a frequency component close to zero cycles per second, and that this would increase to 6.2 meters per second for frequency components between 14 and 18 cycles per second.
The mean velocity of 5.7 meters per second here found was obtained for the 100 cycles per second component of the second heart sound, but in human arteries it could not be proved that frequency had an influence on the transmission velocity between 25 and 100 cycles per second. Although the 95% confidence limits were fairly wide (4.1 to 9.0 meters per second) the harmonic mean velocity found came close to Bergel's figure for the pulse wave velocity. This evidence suggested that the second heart sound travelled through the aorta in the same way as the pulse wave.
MODE OF CONDUCTION OF CARDIOVASCULAR SOUND
The attenuation caused by clamping was direct evidence that sound is transmitted mainly as a transverse vibration of the arterial wall.
Phonoeatheters can record only cardiovascular sounds present in the form of ordinary sound (compression waves) in the blood. There is no doubt therefore that at least a small fraction of the energy contained in a murmur is conducted in the form of sound through the blood. As the damping per four centimeter length of vessel increases with frequency with an average of 2.7 decibels per octave, the fraction of the energy travelling
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in the form of the relatively undamped compressional sound waves must become relatively more important at higher frequencies. Therefore it was expected that the elamp would have less effect on the attenuation of high frequencies. However, even at 400 cycles per second the clamp attenuated the murmur by an average of 4.6 decibels (2.9 times) so that at least 65% of the energy of the 400 cycles per second component travels in the form of a transverse vibration.
Tt can be concluded that most of the energy of cardiovascular sounds in arteries is transmitted in a way which is exactly analogous to the transmission of the pulse wave.
INTERPRETATION OF PHONOCATHETER RECORDINGS
It follows from this conclusion that a phonocatheter in the aorta is 'listening' to the arterial wall and that records obtained from microphones applied externally to an artery would be as valid as the records obtained from the phonocatheter. Whether the same is true for the heart is not clear at present. Magri et al. fl have recorded heart sounds from the surface of the human heart exposed at operation. They found that "diffusion of sound can occur not only by way of the blood stream, but also by anatomic contiguity." This finding fits well with our findings for the aorta and suggests the same mode for the transmission of sound iu the heart. Clinical experience 7 ' 10 and experiments in models 17 have shown that murmurs are mainly conducted downstream from the area responsible for their production. A murmur is generally caused by turbulence, and tui'bulenee develops always a small distance downstream from the irregularity that causes it ( fig. 4 ), as has often been observed in our laboratory as it doubtlessly has in others. The arterial wall is set in vibration by these eddies and this vibration travels upstream and downstream equally well until it arrives upstream at the stenosis. The stenosis, be it of pathological or experimental origin, acts as a. elamp and prevents the transmission of the murmur across it. This explains why apparently a murmur travels downstream only.
GENERAL CONCLUSION
It could be objected that the high frequency components of the pulse wave occurring at the dicrotic notch and the second heart sound are different phenomena. This view has to be rejected because both the first and the seeoud heart sound can be recorded with this type of phonoeatheter. It seems likely that the first heart sound originates as a high frequency vibration of the intraventriciilar pressure and of the tension in the ventricular wall, caused by the sudden closure of the atrio-ventricular valves. The second heart sound seems to originate in a similar way as a high frequency component of the pulse wave in the ascending aorta. The heart sounds recorded on the surface of the body are these vibrations propagated from their places of origin to the surface of the body. This view of the origin of the heart sounds appears to be reconcilable with the view proposed by Rushmer. is We have not yet encountered any instance in which the heart sounds were conducted as 'sound' in the sense of compressional waves travelling with a velocity of about 1500 meters per second, with the possible exception of the conduction of heart sounds through the sternum. In all other cases studied so far the heart sounds travelled through the tissues with a velocity between about 5 and 20 meters per second. 10 It seems likely that cardiovascular sounds travel through the tissues as transverse vibrations at a relatively low velocity, and that they travel preferably along anatomical surfaces such as the ventricular wall, the wall of the aorta, aud the surface of the body. 30 It is probably along these lines that the localization of the points of maximum intensity of normal and abnormal heart sounds must be explained.
Summary
The velocity of the transmission of the second heart sound in the thoracic aorta of dogs was measured. The average velocity was found to be 5.7 meters per second. The figure agrees well with the published figures for the pulse wave velocity in the thoracic aorta of dogs.
